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(P&02  >250  torr).  Kean  cisternal-CSF  pll  was  more  alkaline  at  HA  (7.322  vs. 
7.300  at  SL,  p<0.001).  At  SL,  aero  transepenflymal  flux  of  HC0~  and  Cl"  ' 
occurred  when  the  ventrlculo-clsternal  system  was  perfused  with  fluids  with 
(HC0“)  and  [C1"J  equal  to  those  In  the  goat's  own  CSP.  At  HA,  Cl“  flux  again 
was  zero  when  '[Cl"]  In  perfusate  and  in  the  goat’s  own  CSF  were  equal; 
however,  for  HCO3,  zero  flux  occurred  at  HA  when  [HCO3]  in  perfusate  was  signi- 
ficantly lower  (p<0.001)  than  in  CSP.  Mean  negative  transependyoal  flux  (wash- 
out) of  lactate  was  16  times  larger  at  1IA  than  at  SL  (-0.147  vs.  -0.009  pM/ 
min;  p<0.001).  We  conclude  that,  at  SL,  [HCOr]  and  [Cl")  in  CSP  were  the  same 
as  in  cerebral  ISP,  which  is  in  agreement  with  previously  published  findings. 

In  goats  adapted  to  HA,  [Cl“]  in  cerebral  ISF  remained  equal  to  [Cl"]  in  CSP, 
while  [HCO^]  in  cerebral  ISF  was  demonstrably  lover,  and  [lactate]  presumably 
higher,  than  in  CSF.  The  fluid  surrounding  the  central  chemoreceptors  appears 
to  be  more  acidic  in  goats  acclimatized  to  HA  than  at  SL,  in  spite  of  the  alka- 
losis in  cisternal  CSP.  This  may  contribute  to  ventilatory  acclimatization  to 
HA. 
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Abstract 


~ MCC3  am  rQL*r»> 

The  ionic  conposition  of  cerebral  ISF  was  explored  in  6 unanesthetized 
goats  at  sea  level  (SL)  and  again  after  5 days  at  simulated  high  altitude  (HA) 
of  4300  m,  by  measuring  net  transependymal  fluxes  of  and  lactate 


during  ventriculo-cistemal  perfusions  with  lactate-free  artificial  CSF  with 
various  (HCO3J  and  (Cl'|:  concentration  of  an  ion  in  cerebral  ISF  is  indicated 
by  concentration  of  that  ion  in  the  inflowing  perfusate,  that  produces  zero 


flux.  \Ventilatory  acclimatization  to  HA  was  established  (Paco?  41.3  and  34.3 

\ 

torr  at  SL  and  HA,  respectively,  p<0.001),  hyperventilation  persisting  during 
acute  hyperoxia  (Pao2>250  torr).  Mean  cistemal-CSF  pH  was  more  alkaline  at 
HA  (7.322  vs.  7.300  at  SL,  p<0.001).  At  SL,  zero  transependymal  flux  of  HCOj 
and  Cl"  occurred  when  the  ventriculo-cistemal  system  was  perfused  with  fluids 
with  [HCOj]  and  [Cl“]  equal  to  those  in  the  goat's  own  CSF.  At  HA,  Cl"  flux 
again  was  zero  when  [Cl"]  in  perfusate  and  in  the  goat's  own  CSF  were  equal; 
however,  for  HCO3,  zero  flux  occurred  at  HA  when  [HCO3]  in  perfusate  was  signi 


ficantly  lower  (p<0.001)  than  in  CSF.  Mean  negative  transependymal  flux  (wash- 
out) of  lactate  was  16  times  larger  at  HA  than  at  SL  (-0.147  vs.  -0.009  gM/ 
min;  p<0.001).  ‘ lv'e  conclude  that,  at  SL,  [HCO3]  and  [Cl" ] in  CSF  were  the  same 


as  in  cerebral  ISF,  which  is  in  agreement  with  previously  published  findings. 
In  goats  adapted  to  HA,  [Cl"]  in  cerebral  ISF  remained  equal  to  [C.l"]  in  CSF, 
while  [HCO3]  in  cerebral  ISF  was  demonstrably  lower,  and  [lactate]  presumably 
higher,  than  in  CSF.  The  fluid  surrounding  the  central  chemoreceptors  appears 
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INTRODUCTION 


Mechanisms  responsible  for  ventilatory  adaptation  to  high  altitude  (HA) 
are  still  in  dispute  (14).  In  1963,  Severinghaus  et  al  (26)  attributed  the 
progressive  hyperventilation  to  correction  of  the  initial  CSF  alkalosis, 
brought  about  by  lowering  CSF  [HCOj]  through  active  transport  of  ions  across 
the  blood-brain  barrier.  This  hypothesis,  elegant  in  its  simplicity,  was 
later  challenged  by  Dempsey  and  his  colleagues.  They  found  that  CSF  pH  in 
humans  (7,8,10)  and  ponies  (19)  was  distinctly  more  alkaline  after  ventilatory 
adaptation  to  HA  than  at  sea  level  (SL) . Similar  findings  were  subsequently 
obtained  by  Bureau  and  Bouverot  in  dogs  (4)  and  by  V.'eiskopf  et  al  in  humans 
(27) . Recently,  Crawford  and  Severinghaus  (5)  reinvestigated  the  ventilatory 
adaptation  of  humans  to  HA  and  concluded  that  the  alkalosis  seen  in  CSF  was  a 
reflection  of  the  response  of  the  peripheral  chemoreceptors  to  hypoxemia,  and 
of  other  ventilatory  drives,  including  those  from  the  central  chemoreceptors 
responding  to  [H+]  (the  latter  affected  by  local  CNS  tissue  Pcc>2>  which  can 
vary  \v-ith  accompanying  changes  in  local  blood  flow) . 

From  studies  in  animals  at  SL  several  authors  have  concluded  that  the 
"central  chemoreceptors"  are  located  in  the  cerebral  ISF,  at  some  distance 
from  the  surface  of  the  medulla,  and  not  simply  exposed  to  the  cisternal  CSF 
(3,12,21).  It  is  therefore  possible  that  in  acclimatization  to  HA,  the  medul- 
lary chemoreceptors  are  responding  to  a [H+]  that  may  not  be  the  same  as  that 
reflected  in  [IICO3I  and  l’C02  of  large-cnvitv  CSF  (14).  Indeed,  Davies  (6)  re- 
cently concluded  that,  in  anesthetized  dogs  during  three  hours  of  hypoxia,  the 
observed  increase  in  ventilation  correlated  with  increase  in  [H+],  which  was 
estimated  for  cerebral  HCF  at  a chemosensitive  area  assumed  to  be  located  at  a 
certain  distance  along  a gradient  of  [HCO3]  between  CSF  and  blood. 
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ihe  ionic  composition  of  the  cerebral  ISF  (including  [H+J)  in  animals 
at  SL  h;is  boon  shown  to  be  the  same  as  that  in  the  large-cavity  CSF  (9). 
However,  there  is  no  information  on  the  composition  of  the  cerebral  ISF  in 
animals  acclimatized  to  HA.  'Ihe  experiments  to  be  described  were  done  to 
explore  the  relationship  between  the  ionic  compos  it  ion  of  CSF  and  that  of 
the  cerebral  ISF  in  unanesthetized  goats  adapted  to  a simulated  altitude  of 
4300  m.  Bv  perfusing  the  ventriculo-cistemal  system  with  artificial  CSF  of 
variable  ionic  conqxxsition,  net  transependymal  fluxes  (9,21)  were  derived  for 
HCOj,  Cl"  ;ind  lactate.  Ihe  results  indicate  that  in  goats  acclimatized  to  HA, 
[H+]  in  the  fluid  surrounding  the  central  che mo re cep tors  is  different  from 
that  seen  in  the  cisternal  CSF  and  appears  to  be  acidotic  enough  to  account 
for  the  hyperventilation  observed  in  the  acclimatized  animals. 


3. 


Methods 

1 . General 

Nylon  guide  tubes  were  permanently  implanted  over  the  lateral  ventricles 
and  c is teniae  magnae  in  6 goats  (mean  body  weight  40  kg,  range  33-48  kg)  fol- 
lowing the  techniques  described  by  Pappenhcimcr  ct  al  ( 22 ) ; the  animals  were 
also  provided  with  skin-denervated  carotid  loops.  Three  to  six  weeks  were 
allowed  for  healing  and  post -operative  recovery.  Before  each  experiment,  the 
cerebral  cavities  were  punctured  through  the  guide  tubes  using  needles  of 
adjustable  length,  ;md  a plastic  cannula  was  percutaneouslv  inserted  into  the 
carotid  artery,  without  anesthesia. 

Measurements  were  made  of  resting  ventilation  and  CCh  production  while 
the  goats  inhaled  room  air;  an  anaerobic  sample  of  cisternal  CSF  was  obtained. 
Respirator)’  measurements  were  then  repeated  with  inhalation  of  100 o 0?.  Sub- 
sequently, the  vcntriculo-cistemal  system  of  the  animals  was  perfused  with 
sterile  artificial  CSF  with  various  ionic  compositions  while  the  goats  were 
breathing  room  air  (see  below).  All  measurements  were  made  twice,  once  while 
the  animals  were  adapted  to  normal  barometric  pressure  (50  m above  SL) , and 
again  at  simulated  high  altitude,  after  5 days'  adaptation. 

2.  Simulated  high  altitude 

A hypobaric  chamber  with  round-the-clock  monitoring  of  pressure,  temper- 
ature, and  composition  of  air  was  used.  The  pressure  was  kept  at  446  torr 
(range  + 5 torr,  corresponding  to  altitude  of  4300  in),  temperature  at  21  + 1 
C,  and  air  flow  such  that  F(.D2  never  exceeded  0.004.  Lights  were  turned  off 
at  night.  The  goats  moved  freely  in  stalls  similar  to  those  in  the  regular 
animal  quarters.  They  were  fed  regularly  and  had  free  access  to  water  and 


4. 

salt  licks.  'Hie  animals  tolerated  the  5-day  stay  in  the  chamber  without  any 
signs  of  discomfort. 

3.  Respiratory  measurements 

A latex  rubber  respiratory  mask  was  snuggly  fitted  over  the  gcat’s  snout. 
While  wearing  the  mask,  the  animals  appeared  calm  as  they  breathed  air  or  0£ 
through  a low- resistance  "triple  J"  valve  having  dead  space  320  ml  fWarren  E. 
Collins,  Inc.).  During  periods  of  breathing  O2 , the  inspired  gas  was  supplied 
from  a Douglas  bag.  Concentration  of  CO2  in  expired  gases  was  measured  with 
an  LB-2  infrared  analyzer  (Beckman  Instruments , Inc.)  or  an  MCA-110CA  mass 
spectrometer  (Perkin-Elmer  Corp.)  calibrated  with  gases  analyzed  with  a 
Scholander  apparatus.  Volume  of  expired  gas  was  measured  with  a Wedge  Spiro- 
meter (Med-Science  Electronics,  Inc.).  Arterial  blood  was  sampled  and  '/g  and 
mixed-expired  PCO2  measured  after  a steady  state  in  gas  exchange  had  been  reach- 
ed, as  judged  by  stability  of  the  continuously-monitored  mixed-expired  ?cq->  and 
PETq32*  VA  was  calculated  using  Enghoff's  modification  of  Bohr's  formula  for 
respiratory  dead  space. 

4.  Vent riculo- cisternal  perfusions 

The  technique  described  by  Pappenheimer  et  al  (11,21,22)  was  applied. 
Ventricular  inflow  was  controlled  at  1.5  - 2.0  ml/min  with  a constant-flow  in- 
fusion pump  calibrated  for  each  experimental  day.  The  tip  of  the  cisternal 
outflow  tubing  was  kept  at  the  level  of  the  goat's  external  auditor)'  meatus, 
the  fluid  collected  aerobically  in  glass  cylinders;  volume  was  determined  by 
weighing.  Inflow  pressures,  recorded  at  the  hub  of  the  needle  for  ventricular 
inflow,  and  continuously  monitored,  were  usually  3-4  an  11?0  higher  than  the 


pressure  at  the  tin  of  the  outflow  tuhinn. 


5. 


During  each  experimental  day,  perfusions  were  done  with  three  fluids. 

One  approximated  the  ionic  composition  of  cisternal  fluid  :f  normal  goats 
(22);  it  contained  the  following  constituents  (in  mM/L) : '.a  150,  K 2.8,  Ca 

1.3,  Mg  O.S,  Cl  12S,  H00--  22,  inorganic  P 0.5.  The  other  two  fluids  differed 
in  the  concentration  of  HGO^,  being  7-8  mM/L  lower  or  higher  than  normal 
(about  15  and  28  mM/L,  respectively)  with  complementary  changes  in  [Cl]. 

Sterile  solutions  were  prepared  as  described  by  Pappenheirer  et  al  (11,22). 

To  avoid  precipitation  of  Ca  and  Mg  carbonates,  5«  OOi  (balance  0?)  was  bubbled 
through  the  solutions  for  at  least  1 hour  before  Ca  and  Mg  salts  were  added. 
Osmolarity,  measured  with  a model  2001  osmometer  (Precisicr  System),  was  ad- 
justed to  300  mOsm/L  by  adding  sterile  pyrogen-free  water  :r  Si  NaCl.  .Approx- 
imately 1 nanocurie  of  ^H-inulin,  specific  activity  IOC  m .'urie/g  (New  England 
Nuclear),  was  added  per  1 ml  of  perfusion  fluid.  Prior  tc  infusion,  the  fluids 
were  passed  through  sterile  Millipore  filters,  jx^re  sice  f.22  um  (Millipore 
Corp.) . 

Before  collecting  fluids  for  analysis,  each  of  the  t ree  different  fluids 
was  perfused  through  the  goat's  ventriculo-cistemal  syste-  taitil  at  least  75 
ml  of  outflow  was  collected,  which  is  about  three  times  the  volume  needed  to 
establish  steady-state  distribution  of  substances  when  the  ESF  system  of  goats 
is  perfused  (11).  Outflow  fluids  were  collected  for  analysis  over  15  to  20 
minutes.  Most  perfusions  of  a given  composition  were  carried  out  twice,  with 
sampling  of  arterial  blood  between  the  two  collection  periods. 

Net  t ran s ependymal  fluxes  of  HCO=,  Cl"  ;md  lactate  were  calculated  using 
equations  derived  by  Pappenheimer  et  al  (9,11,21,22): 

n = \'i  (ci  - cf)  - ({'o  + Cin)  (c0  - Cf) , 


where  n 3 net  flux  ol'  the  ion  (uM/min)  between  the  perfusate  and  the  cerebral 
ISF, 

V 3 rate  of  flow  of  perfusion  fluids  (ml/min), 
c 3 concentration  of  the  ion  (mM/kg  M?0) , 
i,o,f,p  3 subscripts  referring  respectively  to  inflow,  outflow,  freshly  formed 
CSF  and  arterial  plasma;  f taken  as  equal  to  p (91, 

Cin  = clearance  of  inulin  from  ventricular  system  (VjCj  - Voc0)/co  (ml/min) 

(11). 

ll\e  flux  thus  calculated  is  corrected  both  for  the  entry 'of  the  ion  under  con- 
sideration via  bulk  formation  of  CSF  at  the  choroid  plexus,  and  for  exit  of  the 
ion  via  bulk  reabsorption  of  CSF  in  arachnoid  villi.  Therefore,  the  trans- 
epenJvmal  flux  of  ;m  ion  represents  the  net  passive  exchange  between  the  ven- 
t riculo-c istemal  perfusate  and  the  cerebral  ISF,  across  the  leaky  ependjTia  in 
the  ventricles  and  pia-glia  on  the  cerebral  surface.  V.hen  t ran s ependyma  1 flux 
of  an  ion  is  zero,  the  concentration  cf  that  ion  in  the  inflowing  perfusate  in- 
dicates its  concentration  in  the  cerebral  ISF  (9). 

5.  Analytical  techniques 

Pq)-),  POg  and  pH  in  arterial  blood  and  in  CSF  were  measured  at  37  C with 
standard  Pccb  and  Po->  electrodes  (Radiometer  A/S)  and  a Severinghaus  pH  elec- 
trode (do),  using  Radiometer  electronics  (model  PI  LM  ~2  MK2) . Corrections  were 
made  for  body  temperature  (1",24).  Precision  buffers  (Radiometer)  and  gases 
analyzed  with  Scholandcr  apparatus  for  COg  ;uul  Og  were  used  to  calibrate  the 
electrodes.  CO->  concentration  (Copg)  in  CSF  and  in  perfusion  fluids  was  meas- 
ured with  the  Nat cl son  Microgasometer  (Scientific  Industries,  Inc.'.  Samples 
of  cisternal  outflows,  collected  aerobically,  were  equilibrated  for  at  least 
23  minutes  in  a tonometer  at  3~  C with  gas  containing  5.5.  C0->.  Samples  we  tv 


subsequently  handled  anaerobically  while  being  analyzed  for  pH  and  Bi- 

carbonate concentrations  in  blood  plasma,  CSF,  and  perfusates  were  calculated 
from  measured  pH  and  PC02>  or  QXb  using  published  balues  for  pK'  and  CO2  sol- 
ubilities  (17,24).  Clilor ide  in  CSF,  in  perfusion  fluids,  and  in  anaerobically 
separated  blood  plasma  was  determined  by  potent iometric  titration  (Aminco- 
Cotlove,  American  Instrument  Co.).  Lactate  was  determined  in  whole  blood,  CSF, 
and  perfusion  fluids  with  tin  enzymatic  technique  (Sigma  Chemical  Co.).  Concen- 
tration of  3fl-inulin  in  perfusion  fluids  was  measured  with  a three-channel 
Packard  Tricarb  Liquid  Scintillation  Spectrometer,  Model  5385  (Packard  Instru- 
ments Co.).  A 0.5  ml  sample  was  mixed  with  10  ml  of  Beckman  Reacy-solv  GP 
solution  (Beckman  Instruments).  Quenching  was  corrected  for  by  means  of  an  ex- 
ternal standard,  efficiency  for  tritium  counting  was  60  percent. 

Wien  calculating  trans ependymal  flaxes,  concentrations  of  HCO^  and  Cl", 
determined  as  mM/L  of  plasma,  were  converted  to  molality  (mM/kg  HO)  by  dividing 
by  0.93  (9).  Lactate,  determined  in  mM/L  of  whole  blood,  was  converted  to  molality 
(nM/kg  IbO  in  whole  blood)  by  dividing  by  0.S04  (2).  Following  Huckabee's  recom- 
mendations (13)  we  assumed  that  lactate  was  evenly  distributed  between  RBC  and 
plasma  water.  In  CSF  and  in  the  protein-free  perfusion  fluids,  concentrations 
in  mM/L  were  applied  in  calculations  of  fluxes;  correcting  for  molality  was  deem- 
ed insignificant. 

6.  Statistical  analyses 

Statistical  significance  was  determined  by  the  Student  t-test  for  paired 
samples,  or  by  independent  t-test,  as  applicable.  Linear  regression  analysis 
was  performed  with  evaluation  of  parameters  of  the  lines  by  F-test  (1). 


Results 


1 . Respiratory  adaptation  to  simulated  high  altitude 

ilible  1 summarizes  respiratory  data  obtained  in  the  goats  at  SL  and 
after  5 days  at  simulated  HA.  Mean  \’rC02  did  not  change  appreciably,  lie  an 
resting  X during  air  breathing,  increased  with  acclimatization  from  a 
sea-level  value  of  2.9  to  3.9  1/min.,  BTPS  (p<0.001);  concomitantly,  mean 
Pac02  decreased  from  41.3  to  34.3  torr  (p<0.001).  The  hyperventilation  at 
HA  persisted  during  acute  hyperoxia  (Pa02  > 250  torr):  \\  was  higher,  and 
PaC02  lower,  after  5 days  at  HA,  than  at  SL  (4.0  ar.d  3.1  1/rin.,  BTPS, 
p<0.02;  3S.o  and  42.6  torr,  p<0.02). 

Data  on  arterial  blood  sampled  while  the  goats  were  quietly  breathing 
room  air  are  presented  in  Table  2.  Pa02,  as  expected,  •.-.•as  reduced  from  its 

mean  value  of  104.4  torr  at  SL  to  42.6  torr  after  5 days  at  simulated  HA 
Cp<0 . 001 ) . [HCO3]  in  plasma  decreased  from  the  mean  sea-level  value  of  29.1 

mM/L  to  25.2  mM/L  (p<0.02).  Mean  [Cl-]  in  plasma  increased  from  105.9  to 
111.5  m>l/l  (p<0.01).  Concentration  of  lactate  in  whole  blood  was  0.6  mM/L 
at  SL  and  1.2  mM/L  at  HA  (a  statistically  insignificant  difference).  These 
changes  in  the  ionic  composition  of  arterial  blood,  together  with  the  ob- 
served decrease  in  Paco->,  resulted  in  a small  increase  in  arterial-blood  pH 
of  about  0.01  units  at  HA,  which  was  not  statistically  significant. 

2.  Composition  of  CSP  (Table  3) 

There  was  a statistically  significant  alkaline  shift  in  the  goats' 
cisternal  CSF  after  5 days  at  PB  “446  torr:  mean  pH  increased  from  7.300 
at  SL  to  7.322  at  HA  (p<0 . 001) , in  spite  of  a significant  increase  in  CSF 
[Cl-]  and  [Lactate],  and  a decrease  in  [IICO3] . Tie  near,  change  in  CSF 


[HCOt]  was  -3.8  + 0.5  inM/L  (tS.E.);  this  was  stoichioretrically  matched  by  a 
mean  combined  change  in  fCl]  + [Lactate]  of  + 3.6  ± 0.4  rnM/L . The  alkaline 
shift  in  cisternal  CSF  was  thus  produced  by  a marked  decrease  in  I’tDi , from 
47.2  torr  at  SL  to  38.9  torr  at  1IA  (p<0.001). 

3.  Transopendymal  l'luxes  of  ions 

In  6 goats,  complete  sets  of  data  needed  for  computation  of  trans ependymal 
flaxes  for  IlCOj  were  obtained  25  times  at  SL  and  22  times  at  HA;  for  Cl*,  24 
times  at  SL  and  17  times  at  HA.  For  lactate,  data  were  obtained  in  only  4 
goats,  17  times  both  at  SL  and  IIA.  Detailed  data  are  available  from  tables 
deposited  with  the  National  Auxiliary  Publications  Service  of  ASJS. 

Figures  1 and  2 show  net  treats  ependymal  fluxes  of  HCOj  and  Cl*  plotted 
against  the  differences  in  the  concentrations  of  these  ions  between  the  various 
ventricular  inflows  and  the  goat's  own  CSF  (a[IICO^]  and  . [Cl*]);  if  this  differ- 
ence equals  zero,  the  concentration  of  the  ion  in  the  fluid  entering  the  ven- 
tricles is  equal  to  that  in  the  goat's  own  CSF.  Arbitrarily,  positive  flux 
means  uptake  of  the  ion  from  the  perfusate  into  cerebral  ISF;  negative  flux 
means  washout  of  the  ion  from  cerebral  ISF  into  the  perfusate. 

When  the  concentration  of  Cl*  or  IlCOj  in  the  perfusate  exceeded  that  in 
the  goat's  own  CSF,  the  flux  of  the  ion  was  positive,  i.c.  into  the  brain.  The 
dashed  and  full-drawn  lines  represent  least -squire  linear  regressions  derived 
from  the  data  at  SL  and  at  IL\  respectively.  Parameters  for  these  regression 
lines  are  given  in  Table  4.  The  y- intercepts  (a)  are  statistically  indistin- 
guishable from  zero  for  I ICO?  fluxes  at  SL,  and  for  Cl*  fluxes  at  both  SL  and 
ll\.  However,  for  the  trans ependymal  flux  of  HC07  at  HA,  this  intercept  is  sig- 
nificantly different  from  zero  (p<0,001).  Thus,  in  goats  at  SL,  when  the 


concentration  of  llu'~  or  ol"  Cl"  in  the  inflowing  perfusat  equals  that  in  the 
goat's  CSl-  (A  [c  1 ' ] = 0,  A|IICOj]  = 0,  Figures  1 ;uid  2),  trcisependvnal  flux  is 
also  tore.  However,  in  our  goats  adapted  to  IIA,  there  was  a significantlv 
ix>sitive  transcpcndymal  flux  of  IlCOj  (2.58  * 0.28  uM/inin,  p<0. 001)  when  A[Ht:o 
equalled  zero  ( Figure  1,  Table  -11.  The  condition  for  cere  flux  of  HOOj  was  ful- 
filled only  when  [IllDj]  in  the  inflowing  perfusate  was  significantly  (p<0.001) 
lower  than  [HCOt  ] in  the  goat's  own  CSF;  the  estimate  of  the  \-  intercept  is 
-o.l  mM/I.  (-4.1  and  -5.0  niNl/ L being  the  upper  95  and  9iH  tolerance  limits,  re- 
spectively, for  x at  v = 0). 

All  perfusion  fluids  were  prepared  free  of  lactate;  therefore,  analysis 
of  the  calculated  transependym.il  fluxes  for  lactate,  analogous  to  that  shown 
in  Figures  1 and  2 for  1IC0-  ;tnd  Cl",  was  not  possible.  Lactate  flux  could  be 
calculated,  however,  by  setting  the  inflow  concentration  equal  to  zero  (see 
Methods).  The  t ransependyma 1 flux  of  lactate  did  not  van  systematically 
while  the  ventriculo-cistemal  system  was  being  perfused  with  solutions  of 
various  [HCOj]  and  [Cl")  at  SI.  or  11A.  The  mean  of  all  lactate  fluxes 

measured  at  SI.  was  -0.09  * 0.04  i0(/ min  which  was  signi  f ic;..".tly  different  from 
zero  (p<0.05);  after  adaptation  to  IIA  the  mean  tr;msepe:ul>  .1!  washout  of  lactate 
(-1.47  i 0.17  pM/min)  was  signi ficantlv  larger  ( p<0 .001 1 . 
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Discussion 

Our  data  show  that  ventilator)'  acclimatization  to  lit  was  established  in 
the  goats  after  5 days  at  Pg  “446  torr,  findings  analogous  to  those  of  Mines 
and  Sorensen  (16),  Lahiri  et  al  (IS),  and  Morrill  and  Kellogg  (18),  in  this 
species.  In  the  arterial  blood,  hypoxic  hypocapnia  prevailed,  with  almost 
complete  renal  compensation  of  the  respiratory  alkalosis.  In  the  cisternal 
CSF,  however,  pH  was  distinctly  more  alkaline  at  HA  than  at  SL.  This  is  simi- 
lar to  findings  in  ponies  (19),  dogs  (4),  and  humans  either  in  lumbar  (5,7, S, 

10,27)  or  cisternal  (27)  CSF. 

The  mean  difference  (±S.E.)  in  PC02  between  CSF  and  arterial  blood  was 
reduced  from  the  sea-level  value  of  6.1  ± 0.6  torr  to  5.6  ± 1.1  at  HA  (p<0.901). 
Tins  does  not  necessarily  indicate  an  increase  in  cerebral  blood  flow  (CSF)  at 
HA  because  the  blood  CCb  dissociation  curve  is  steeper  at  lower  values  of  F 302 
(5) . Crawford  and  Severinghaus  (5)  expressed  the  CSF-to-arterial  gradient  in 
PCO2  as  a ratio,  CSF  Pcc>2/PaC02 , t0  circumvent  the  nonlinearity  of  the  bloci 
dissociation  curve.  They  interpreted  changes  in  this  ratio  to  indicate  recipro- 
cal changes  in  CBF,  assuming  that  the  CSF-to-arterial  Too-  ratio  remains  propor- 
tional to  the  cerebral  venous-to-arterial  P002  ratio  (and  that  the  cerebral  CCb 
production  does  not  change  markedly).  In  our  observations,  the  mean  (±S.E.)  values 
of  CSF  PcX>2/PaCD2  'vere  1*149  ± 0.018  at  SL,  and  1.102  ± 0.05S  after  5 days  at  Hi, 
a change  suggesting  increase  in  CBF  (statistically  insignificant) . If  the  above 
assumptions  apply  to  our  goats,  we  would  conclude  that,  in  spite  of  the  low  PaCC;, 
CBF  was  not  lowered  after  adaptation  to  HA,  and  it  might  even  have  increased  some- 
what, a conclusion  similar  to  the  findings  in  human  sojourners  at  HA  (25),  raid  ir. 
rats  after  24  hours  of  hypoxic  hypocapnia  (20). 

Ihe  ventriculo-cistemal  perfusions  with  artificial  CSF  cf  variable  [dCOj] 
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and  [Cl’]  were  perfoned  to  establish  the  relation  bet  eer  the  concentrations 
of  these  ions  in  CSF  and  in  the  cerebral  ISF.  N'et  transetendynal  fluxes, 
corrected  both  for  entry  of  an  ion  by  bulk  formation  e:  CSF  and  for  exit  of  the 
ion  by  bulk  absorption  of  CSF  in  choroid  villi,  represent  passive  exchange 
across  the  leaky  ependyma  in  the  ventricles  and  across  the  pia-glia  on  the 
cerebral  surface  (9,11,21).  Wien  there  is  a concentration  gradient  for  an 
ion  between  the  cerebral  ISF  and  the  fluid  perfusing  the  large  cavities,  there 
is  a measurable  transependymal  flux;  if  net  flux  is  zero,  there  is  no  such  con- 
centration gradient.  Iherefore,  when  there  is  c e ro  transependymal  flux,  the 
concentration  of  the  ion  under  consideration  in  the  inti a perfusate  indicates 
the  concentration  of  that  ion  in  the  cerebral  ISF  (9). 

We  found  zero  net  transependymal  flax  of  HCO3  and  Cl"  when  the  ventriculo- 
cistemal  system  of  goats  at  SL  was  perfused  with  fluids  having  concentrations 
of  these  ions  equal  to  those  in  the  goat's  own  CSF  (j[K'COt  and  A[C1']  equal  to 
zero.  Figures  1 and  2).  Iherefore,  we  conclude  that  at  SL,  [IICO3]  and  [Cl’]  in 
CSF  were  the  same  as  in  t he  cerebral  ISF.  This  is  in  agreement  with  previous 
findings  in  goats  at  SL,  either  in  normal  acid-base  bal ance  or  in  steady  acid- 
base  disturbances  of  non- respiratory  origin  (9).  After  acclimatization  to  HA, 
net  transependymal  flax  of  Cl"  again  was  zero  when  [Cl“]  in  the  perfusion  fluid 
equalled  that  in  the  CSF  of  acclimatized  goats.  Thus,  we  conclude  that  in  goats 
adapted  to  HA,  [Cl"]  in  CSF  remained  equal  to  [Cl-]  in  cerebral  ISF.  In  con- 
trast, I ICO  3 flux  was  significantly  positive  (flux  into  the  lira  in  tissue)  when 
the  perfusate  had  the  same  [IICO3]  as  that  in  the  goats  own  CSF  (a[IICO-]  = 0, 
Figure  1).  For  a positive  net  transependymal  flux  of  L fO-s  tc  occur,  a gradient 
of  [IlCO^]  had  to  exist,  with  a low'cr  concentration  in  t.-.c  rain  tissue  than  in 
the  perfusate.  For  zero  flax  of  HCO3  to  occur  in  goats  acclimatized  to  HA, 
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. [HCOj]  ^ t^e  perfusate  had  to  be  lower  than  in  CSF  sampled  from  that  goat.  We 
therefore  conclude  that  in  goats  adapted  to  HA,  [HCOjJ  in  cerebral  ISF  was  dem- 
onstrably lower  than  in  CSF. 

These  findings  suggest  that  in  goats  adapted  to  HA,  there  exists  a steady- 
state  concentration  gradient  of  [HCOj],  and  not  of  [Cl“],  between  CSF  and 
cerebral  ISF,  across  the  leaky  ependyma  and  pia  glia,  with  a lower  [HCOj]  in 
cerebral  ISF  than  in  CSF.  This  may  be,  at  least  in  part,  owing  to  a concentra- 
tion gradient  of  lactate  going  in  the  opposite  direction.  The  latter  notion  is 
corroborated  by  the  finding  that  the  mean  negative  transependymal  flux  of  lactate 
(washout  of  lactate),  measured  in  4 of  our  goats,  was  more  than  16  times  greater 
at  HA  than  at  SL. 

From  animal  experiments  involving  respiratory  measurements  during  ventriculo 
cisternal  perfusions  with  fluids  of  abnormal  ionic  composition  (3,12,21),  it  has 
been  concluded  that  the  "central  chemoreceptors"  are  located  in  the  cerebral  ISF, 
at  some  distance  from  the  surface  of  the  medulla.  In  cats,  this  distance  was 
estimated  by  Bemdt  et  al  to  be  200-400  ym  (3).  In  goats  with  the  ventriculo- 
cistemal  system  perfused  with  artificial  CSF  of  abnormal  [HCOj] , the'  location  of 
the  central  chemoreceptors  was  estimated  by  Pappenheimer  et  al  (21)  to  be  3/4 
along  the  concentration  gradient  of  HCOj  between  the  fluid  present  in  cistema 
magna  and  that  ascribed  to  the  cerebral  extracellular  space.  If  we  apply  this 
model  to  our  data,  then  [HCOj]  in  the  fluid  surrounding  the  central  chemoreceptors 
in  goats  acclimatized  to  HA  would  be  3/4  the  distance  along  the  gradient  between 
[HCOj]  in  cisternal  CSF  (19.6  nM/L,  Table  5)  and  that  assigned  to  the  .cerebral 
ISF  (19.6  - 6.1  = 13.5  rnM/L,  Figure  1).  Taking  the  mean  CSF  Pcoj  (Table  5)  as 
a measure  of  the  prevailing  cerebral-tissue  PGO2*  PH  in  the  fluid  surrounding 
.the  medullary  chemoreceptors  (pHr)  would  be  equal  to  6.13  + log  {(0.75  x 13.5 
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♦ 0 . 2 S x 19.6)/0.051  \ 38.9]  = 7,23.  If  a cerebral-ISF  [HCO-]  corresponding 
to  the  upper  95*  tolerance  limit  (cisternal  [tlCOj]  minus  4.1  m'VL);as  pre- 
dicted from  data  in  Figure  1 and  Table  4,  were  taken  for  this  estimate  of  pHr, 
the  value  would  be  7.27.  Both  these  estimates  give  pH  values  acicotic  compar- 
ed to  SL,  where  pll  in  the  fluid  surrounding  the  central  chemoreceptors  should 
be  equal  to  that  measured  in  cisternal  CSF,  7.30  (Table  3),  since  at  SL,  no 
gradient  for  [HCCK]  was  found  between  CSF  and  ISF  in  the  present  or  previous 
(9)  experiments. 

We  conclude  that  the  fluid  surroimding  the  "central  cheno receptors"  is 
more  acidic  in  goats  acclimatized  to  HA,  than  at  SL,  ill  spite  of  the  alkalosis 
in  cisternal  CSF.  This  may  contribute  to  the  ventilator)'  acclimatization  of 
the  animals.  This  conclusion  is  similar  to  that  of  Davies  (61,  although  it  is 
derived  from  a different  experimental  approach,  and  is  based  on  less  indirect 
assumptions.  Ou  ■ conclusions  are  also  compatible,  at  least  in  part,  with  those 
of  Crawford  and  Severinghaus  (5),  which  state  that  ventilator.-  drives  other  than 
those  from  peripheral  chemoreceptors  or  those  ascribed  to  the  effect  of  [H+]  in 
bulk  CSF  are  contributing  to  ventilatory  acclimatization  to  HA. 
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data  on  4 goats 

t-tcst  for  paired  samples 
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1 -egcnds  to  Figures 


Figure  1 Net  tninsepcndyinal  fluxes  of  HCK  in  goats  adapted  to  sea  level 

and  to  high  altitude.  Fluxes  are  plotted  against  the  bicarbonate 
concentration  difference  between  the  inflowing  perfusate,  and  the 
goat's  CSF  under  t lie  two  conditions  of  respiratory  adaptation. 

The  straight  lines  are  least-squares  linear  regressions;  see 
Table  1 for  parainaters  of  the  regression  lines. 

Figure  2 Net  t r;insepend\Tiial  flaxes  of  Cl'  in  goats  adapted  to  sea  level  and 


high  altitude.  The  plots  are  analogous  to  those  for  HCO=  fluxes 
shown  in  Figure  1. 
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Composition  of  cerebral  fluids  in 
goats  adapted  to  high  altitude. 
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